Moderate Resolution Imaging Spectroradiometer (MODIS) daytime and nighttime land surface 19 temperature (LST) data are often used as proxies for estimating daily maximum (T max ) and 20 minimum (T min ) air temperatures, especially for remote mountainous areas due to the sparseness 21 of ground measurements, However, the Tibetan Plateau (TP) has a high daily cloud cover fraction 22 (>45%), which may affect the air temperature (T air ) estimation accuracy. This study 23 comprehensively analyzes the effects of clouds on T air estimation based on MODIS LST using 24 detailed half-hourly ground measurements and daily meteorological station observations collected 25 from the TP. It is shown that erroneous rates of MODIS nighttime cloud detection are obviously 26
Zhu et al., 2013). 51
Due to its high altitudes, the TP and surroundings include the largest cryosphere area outside the 52
Arctic and Antarctic regions and outside Greenland, and it is considered to be among the areas that 53 are most sensitive to climate change. However, most meteorological stations in the TP are located 54 in low-altitude (< 4800 m) and eastern regions (Fig. 1 ). There are almost no stations in the vast 55 western area or at the elevations above 5000 m. In particular, for glacier covered areas, 56 temperature observations are extremely scarce (Wu et al., 2015) . Remotely sensed LSTs can 57 greatly help alleviate the problems associated with scarce temperature observations available for 58 the TP. 59
Despite the advantages of high spatial and temporal accessibility to large-scale areas, remote 60 sensing data present some limitations, among which cloud contamination issues may be the most 61 important. For applications of MODIS LST, clouds can affect the T air estimation in at least two 62 ways: erroneous cloud identification can reduce the accuracy of MODIS LST values, and the 63 presence of clouds can affect the relationship between LST and T air and can further affect the 64 accuracy of T air estimations. 65
The presence of clouds can greatly decrease the amount of data available in the satellite images. 66
Moreover, the existing cloud detection algorithms cannot identify all the cloudy pixels, and a 67 considerable percentage of undetected cloudy pixels exists in MODIS LST products (reported at 68 roughly 15%) (Ackerman et al., 2008) . It has been shown through some validation studies that 69 extremely large differences (>10 K) between MODIS LST and ground measurements occasionally 70 6 temperatures were collected using an HMP45C sensor with expected accuracies of ±0.2-0.5 °C 131 depending on the temperature ranges involved. Detailed measurement specifications are listed in 132 Table 1 . However, only the Xiao Dongkemadi station provides the directly measured LST values 133 which were obtained through an Apogee Precision Infrared Thermocouple Sensor (IRTS-P) with 134 an accuracy of 0.3 K over the glacier surface (Huintjes et al., 2015) . The LSTs of the Qinghai and 135
Ngari stations were derived based on the Stefan-Boltzmann law and the thermal radiative transfer 136 theory: 137
(1) 138 where and are the upwelling and downwelling longwave radiation, respectively, is the 139
), is land surface emissivity, T b is the 140 brightness temperature, T s is the land surface temperature. The calculated LSTs were taken as 141 ground measurements of LST as Wang et al. (2008) . 142
In this study, emissivity values were assigned empirically due to a lack of measurements. here is retrieved using the generalized Split-window algorithm (Wan and Dozier, 1996) . 156
Accuracies are reported to range within 1 K, but the uncertainties and errors of emissivity used in 157 the MODIS LST product can be significant, which produces major errors (Wan et al., 2002) . Each 158 grid of the MODIS LST product includes a quality control (QC) flag that ranges from 0 to 3 159 indicating the average errors of <1 K, 1−2 K, 2−3 K and >3 K. Records with a QC flag of 3 were7 omitted in this study. 161
The MODIS observations are instantaneous, whereas the ground measurements used are 162 half-hourly averaged. To make them comparable, the timing of ground observations recorded on 163
Beijing time was converted to local solar time. Then, half-hourly observations that are within 15 164 minutes of the view times of MODIS record times were selected. 165 166
Methods 167
The procedure for analyzing cloud effects step by step are outlined in Fig. 2 , and described in 168 detail as followed. 169
Cloud index estimations 170
Cloud observations are usually only available from non-automatic weather stations and are 171 difficult to record. In this study, an efficient method was employed to estimate cloudiness based on coordinates (longitudes and latitudes) and land cover (e.g. NDVI) are not used. Therefore, the 222 linear regression model using LST as the single independent variable is chosen as the T air 223 estimating method in this study. 224 225
Testing cloud effects by the observed LST 226
Large MODIS LST errors may exist due to undetected clouds, and cloud effects are first tested 227 using the ground measured LST. In this way, we can explore the direct effects of clouds on T air 228 estimation using LST. The tests are conducted by constraining cloudiness conditions. Target T 
Determining cloud effects through comparisons using MODIS and the observed LST 242
Once the effects of clouds on T air estimations using observed LST are confirmed, cloud effects on 243 T air estimation using MODIS LST can be explored more directly. Apart from affecting the 244 relationship between T air and MODIS LST, clouds can degrade the MODIS LST accuracy and 245 further reduce estimation accuracies. Such effects, when they are present, can be explored by 246 comparing changes in estimation accuracy levels between observed LST and MODIS LST. Here, 247
T air (T min and T max ) estimations for 9 kinds of CI conditions are conducted using MODIS LST and 248 observed LST (at the corresponding MODIS time), respectively. The results are analyzed based on 249 comparisons. 250 10 251
Exploring cloud effects based on observations from meteorological stations 252
In practice, only daily observations can be easily obtained from meteorological stations, and 253 cloudiness observations are usually not provided. In this study, only daily T max and T min data are 254 obtained from the 92 CMA stations. Nonetheless, daily cloudiness levels can be partly evaluated 255 from four MODIS observations for each day (two from Terra and two from Aqua). Then, 256 comparisons of T air estimation for two distinct cloudiness conditions are drawn. 257
Two conditions ("cloudy day" and "non-cloudy day") are defined based on four instantaneous 258 MODIS observations for each day for both the T max and T min estimation using Aqua daytime LST 259
and Terra nighttime LST, respectively. For "non-cloudy day" conditions, all four MODIS 260 cloudiness observations are constrained as non-cloudy. For the "cloudy day" condition of the T max 261 estimation, Aqua daytime observations are constrained as non-cloudy to obtain the available LST, 262
and Terra daytime observations are constrained as cloudy to make cloud effects as strong as 263 possible. However, the Aqua night and Terra night observations are not constrained to obtain 264 sufficient samples. For the "cloudy day" condition of the T min estimation, the Terra nighttime 265 observations are constrained as non-cloudy to obtain the available LST, whereas the Aqua 266 For each of the four overpass times of MODIS LST, a rate of undetected cloudy records can be 276 determined using CI values ( Table 2 ). The ratio of undetected cloudy records ranges from 3% to 277 50% with a fully averaged ratio of 15%. This agrees well with the reported value of ~15%, which 278 
MODIS LST validation under different cloud conditions 282
The accuracy of MDOIS LST can be affected by undetected cloudy pixels (Westermann et 
those of nighttime LST. Erroneous rates of MODIS nighttime cloud detection are clearly larger 293 than those for the daytime, though not in the case of the Terra LST observed for Ngari. This can be 294 largely attributed to differences in cloud detection methods used for the daytime and nighttime. 295
The cloud detection algorithm of MODIS is considered to present more confidence for the 296 daytime than for the nighttime due to the absence of reflected solar radiation during nighttime 297 respectively. It should be noted that when the "cloudiness condition" exceeds 0.6 (x > 0.6), the 311 sample number no longer varies and due to the limited number of samples, the variation of T max 312 and T min estimating accuracy is rather flat. 313
As expected for cases based on ground observed LST, the T max estimation is significantly affected 314 by cloud conditions, but clouds have a limited effect on the T min estimation compared to T max . This 315 interesting finding can be explained by mechanisms through which clouds affect nighttime and 316 daytime surface temperatures. In the daytime, LST is significantly influenced by solar heating. 317
The presence of clouds can screen out solar radiation and cool the surface. Much larger 318 differences between LST and T air have been observed under cloudy days than under clear 319 conditions (Gallo et al., 2011) . At night, the surface can also present warming effects from clouds 320 due to reflected infrared longwave radiation. However, such effects are not typically significant 321 because the net effect of clouds on surface downward longwave radiation is much less pronounced 322 than nighttime solar cooling effects in most cases, as indicated by Dai et al. (1999) . 323 324 are not significantly affected by clouds (Fig. 6) . Thus, the most probable driving factor may be the 335 relatively large amounts of undetected clouds present in MODIS nighttime LST. As daily cloud 336 indexes increase, more undetected cloudy cases may be introduced, thus reducing the accuracy of 337 MODIS nighttime LST (Fig. 4 and Table 2 ). 338 is remarkably lower than that based on ground observed LST (Fig. 7) . Thus, the decrease in 362 accuracy levels relative to cases based on ground observed LST may be caused by other factors 363 rather than undetected clouds. This seems odd, especially given that the accuracies of T min 364 estimations based on MODIS LST are very close to or even better than those based on observed 365 LST under clear conditions (Fig. 7) . 366 and CMA observations shows that under cloudy conditions, T max estimations (the mean RMSE is 378 4.3 °C) achieve generally higher levels of accuracy than T min estimations (the mean RMSE is 379 4.6 °C), whereas non-cloudy conditions produce the opposite effect (3.7 vs. 3.2 °C) illustrating 380 potentially stronger negative effect of cloud on T max estimation than T min . 381 382 5 Discussion 383
The effects of clouds on T air estimation based on MODIS LST 325

Differences in the effects of clouds on T min and T max estimations based on MODIS LST 384
From MODIS LST and daily CMA observations, different cloud effects between T max and T min 385 estimations can be identified from Fig. 9 . Under cloudy conditions, the existence of more 386 undetected cloudy records in MODIS nighttime LST largely degrades the LST accuracy and 387 results in obviously lower T min estimation accuracy levels. However, why the T min estimations 388 clearly outperform T max under clear conditions (non-cloudy day condition) when both are free of 389 cloud effects remains unknown. One may argue that the so-called "clear" conditions are based on 390 only four satellite instantaneous observations and that actual cloudiness conditions may still be 391 cloudy. Although this is true, our study shows that even under clear conditions, the accuracy of 392 T max estimations based on daytime MODIS LST is much lower than those based on observed LST, 393 whereas the T min estimation based on nighttime MODIS LST shows comparable or even superior 394
accuracy. 395
From our previous analysis, we can attribute this difference in estimation accuracy between T min 396 and T max to differences between daytime and nighttime MODIS LST. Much lower levels of 397 MODIS daytime LST accuracy than those for nighttime have been found in previous studies (Yu 398 For T max estimation (Fig. 11) , it is evident that forcing clear conditions has somewhat limited 418 effects on estimation performance. The samples collected under "cloudy day" conditions include 419 outliers far from the fit line derived using samples under "non-cloudy day" conditions. However, 420 the "non-cloudy day" samples still appear rather dispersed with many samples positioned far from 421 the fit line, and especially in the case of stations 89 and 41. This may illustrate mixed effects of 422 both clouds and LST accuracies to some degree. 423
In contrast, the results of the T min estimation are somewhat inspiring. As shown in Fig. 12, a  424 number of cold-biased outliers that may be undetected cloudy records are captured by employing 425 cloudy conditions. More importantly, the "non-cloudy day" condition samples achieve a much 426 better fit. This not only demonstrates that undetected cloudy records are ubiquitous in MODIS 427 nighttime LST and that amounts can often be quite large but also that the influence of clouds on 428 The validation accuracy of MODIS LST is affected by data quality (Krishnan et al., 2015) . 453
However, rigid data quality constraints may severely decrease sample sizes due to relatively short 454 observation periods (1−2 years) used. This study presents results of general quality status, and 455 
